Using first-principles molecular dynamics, we study the influence of nuclear quantum effects (NQEs) and nonlocal exchange-correlation density functionals (DFs) near molecular dissociation in liquid hydrogen. NQEs strongly influence intramolecular properties, such as bond stability, and are thus an essential part of the dissociation process. Moreover, by including DFs that account for either the self-interaction error or dispersion interactions, we find a much better description of molecular dissociation and metallization than previous studies based on classical protons and/or local or semi-local DFs. We obtain excellent agreement with experimentally measured optical properties along pre-compressed Hugoniots, and while we still find a first-order liquid-liquid transition at low temperatures, transition pressures are increased by more than 100 GPa.
Hydrogen, being the most abundant element in the Universe, has a prominent role in planetary science. Considerable attention has thus been given to the study of its phase diagram at high pressure, both experimentally 1-7 and via first-principles (FP) simulations.
The latter have been particularly important, in many cases being instrumental in providing the correct interpretation of conflicting experimental results. This is well exemplified, for instance, by the experimental controversy over the maximum compression along the principal Hugoniot [8] [9] [10] [11] [12] [13] [14] [15] ; simulations overwhelmingly favor one with a maximum compression of ∼4.3-4.4 [16] [17] [18] , in agreement with experiments using magnetic implosions at the Z pinch 13, 14 and converging explosive-driven shock waves [10] [11] [12] . Another example of the predictive capability of FP simulations is that of a maximum in the melting line of the molecular solid by FP molecular dynamics (FPMD) 19 , subsequently confirmed by measurements [2] [3] [4] . Unfortunately though, FP methods still employ questionable approximations that could affect their predictions, especially when effects occur near-simultaneously, such as metallization and molecular dissociation.
The emerging picture of molecular dissociation in liquid hydrogen, as suggested by FP simulations, is shown in Fig. 1 . Below a critical temperature of ∼1500-2000 K, this occurs through a first-order liquid-liquid phase transition (LLPT) between an insulating molecular liquid and a conducting atomic-like liquid. The LLPT is characterized by a discontinuous change in the electrical conductivity with increasing pressure combined with a small volume discontinuity. Above the critical temperature, the electrical conductivity and dissociation is then continuous with increasing pressure. While different levels of theory agree qualitatively regarding the LLPT [20] [21] [22] 25 , the location of it is still a matter of debate.
Obviously, the variability in results must arise from approximations employed in the underlying numerical methods. The two main ones typically employed (at least in the case of high-pressure hydrogen) are the neglect of nuclear quantum effects (NQEs) and, in density-functional theory (DFT) studies, the inability to fully treat electronic correlation (e.g., dispersion interactions) as well as approximations to exchange; the latter typically resulting in a strong underestimation of band gaps 32 .
The neglect of NQEs in FP simulations is typically (but not always 21, [26] [27] [28] [29] [30] [31] ) employed, due to increased computational demands. Neglecting them, however, has an important effect on the calculated LLPT transition pressures. The use of classical protons leads to an overestimation, since the high-frequency vibrations of the molecular bond leads to a Upward-triangles (red) and squares (blue) are results from previous studies using classical protons in FPMD+PBE and coupled electron-ion Monte Carlo simulations 21, 22 , respectively. The orange circle is the original prediction for the location of the LLPT from Scandolo 23 using FPMD within the local density approximation, and the turquoise diamond is the experimental measurement of minimum metallic conductivity by Weir, et al. 24 large zero-point motion (ZPM), an effect which is much smaller in the atomic phase (at least right at dissociation). This effect has been clearly shown by previous path-integral molecular dynamics (PIMD) simulations using the Perdew-Burke-Ernzerhof (PBE) density functional (DF) 21 , where the LLPT is decreased by ∼40 GPa with respect to FPMD+PBE (i.e., classical protons). However, this would predict a transition pressure around P t = 130
GPa at temperature T t = 1000 K, a result not supported by current experiments [2] [3] [4] . There are thus additional approximations which are likely to blame.
The vast majority of DFs used in DFT simulations of hydrogen have been based on either the local density approximation or the semi-local generalized gradient approximation.
These, however, underestimate the band gap by 1-2 eV 32 . This means that the metallization pressure, directly related to the dissociation process and thus the location of the LLPT, will also be underestimated. In this Letter, we present results from FP simulations based on PIMD to treat NQEs, but using nonlocal DFs in DFT. These calculations remove one of the most significant approximations made in a number of previous simulations (classical protons), while at the same time improve over another equally important and heretofore less-considered approximation (local or semi-local DFs). Such calculations allow us to study molecular dissociation in hydrogen with previously unattainable accuracy.
Simulations were performed via DFT, and we focused on two nonlocal DFs. We first chose to use the Heyd-Scuseria-Ernzerhof (HSE) DF 33 , which is known to have a very small self-interaction error 34 . We also performed simulations with the vdW-DF2 DF [35] [36] [37] [38] , which provides a reasonable description to exchange (for a semi-local functional), but moreover provides an improved description of nonlocal correlation (dispersion interactions) in DFT.
Simulations with the former were performed with VASP 39 and the latter with a modified version of Quantum ESPRESSO (QE) 40 . A time-step of 8 (a. u.) properties calculated with HSE. In this latter case, the influence on the optical properties caused by structural differences (from the trajectories) is far more important.
and 1500 K utilized the accelerated PIMD method of Ceriotti, et al. 44 , based on a generalized Langevin dynamics (GLE) and the Born-Oppenheimer approximation. The use of the PI+GLE method was carefully tested under the relevant pressure and temperature conditions, in order to guarantee proper convergence 45 .
As detailed further in the SM 46 , we first compare the structure and equation of state (EOS) data for systems of classical protons calculated using vdW-DF2 and HSE (the latter more computational demanding) 53 . The two DFs provide pair correlation functions (PCFs) in very good agreement, even though pressures from HSE are ∼7% smaller. This means that the LLPT lines predicted by the two methods will only be slightly different. This should be compared to the predictions of PBE, which results in a very large disagreement relative to either nonlocal DF.
We performed an extended set of FPMD simulations with classical protons as well as PIMD simulations using vdW-DF2 at temperatures ranging from 800 to 8000 K at densities in the region near molecular dissociation. At every density and temperature, optical properties were calculated within the Kubo-Greenwood formulation 47 , by performing excited state calculations on 15 statistically-independent proton configurations. Note that trajectories and optical properties were not necessarily calculated using the same DF, the former which is denoted in the following notation. Results are reported in Fig. 2 It is important to mention that the above simulation data agrees very well with the SESAME EOS 48,49 , the latter used to convert experimental shock velocity data to pressure, density, and temperature. For example, our present thermodynamic data (PIMD-vdW-DF2) predicts a pressure only slightly higher (∼3-5%) than SESAME in the relevant density range.
Further, along the T = 5000 K isotherm, the agreement is better than 1% for pressures in the range of the experiments (30-60 GPa). performed with PIMD, so systems of classical protons are expected to exhibit even higher transition pressures, above 365 GPa). Figure 4 shows the electronic conductivity as a function of pressure along various isotherms, comparing both PBE and HSE. Note that in both cases, proton configuration were generated with vdW-DF2. Notice also that while the conductivity values differ between HSE and PBE, they nonetheless agree on the existence of a jump at T = 1000 K.
Returning to Fig. 1, a schematic . While the temperature was not measured therein experimentally, but rather estimated using a model EOS, and the error bars were rather large, it is nonetheless clear that the presented results of the location of the LLPT and the dissociation regime at higher temperatures agree rather well.
While almost all FP simulation methods agree qualitatively on the existence of a firstorder LLPT in high-pressure hydrogen 21, 25 , its precise location depends on the approximations employed. The results reported above clearly show that NQEs and non-local DFs in DFT play an important role in the description of molecular dissociation and metallization.
The two DFs considered (HSE and vdW-DF2) were originally developed with the goal of addressing significant limitations of local and semi-local DFs in DFT. HSE, on the one hand, was developed to reduce self-interaction errors in PBE in its applications to solids 33 . Such errors lead to a strong tendency to favor delocalized electronic states, which in turn lead to an underestimation of bandgaps by as much as 1-2 eV (in hydrogen) 32 . This leads to a serious underestimation of the metallization pressures in both liquid and solid phases, and a tendency to favor metallic states (e.g., solid structures). vdW-DF and its improved version vdW-DF2 (employed in this work), on the other hand, were developed to account for nonlocal electron correlations, such as dispersion interactions in DFT. The presented results indicate that, at least close to dissociation, both HSE and vdW-DF2 DFs produce very similar structures in liquid hydrogen. Since the physical effects addressed by both DFs are not directly related to each other, and that both effects are expected to be relevant in the molecular phase, it is important to recognize that the LLPT pressures might still change if a DF which combines both hybrid exchange and non-local correlation were to be employed.
The goal of this Letter was not to predict which functional (HSE and vdW-DF2, etc.) is more accurate, since answering that question requires the use of more accurate methods 55 .
We can however mention several possibilities that explain the observed behavior, the reasonable agreement between either nonlocal DF as well as their large disagreements with PBE.
Both DFs predict shorter molecular bonds compared to PBE; in the limit of low density, the bond length predicted by vdW-DF2 agrees very well with measured values while that of PBE is overestimated by ∼3% 51 . This is obviously an important factor on dissociation.
Second, the exchange portion of the vdW-DF2 functional was constructed to reproduce exact-exchange results 38 , which may explain its similarity to HSE. Finally, both dispersion interactions and a reduced self-interaction will lead to a more stable molecular state. An even more promising alternative to DFT is the use of quantum Monte Carlo first-principles methods, for example CEIMC 21 , using accurate trial wave functions, such as those constructed from HSE orbitals. We must also recognize that, while the use of the vdW-DF2
DF made large improvements in the description of molecular dissociation in hydrogen near the LLPT, standard semi-local DFs like PBE have been shown to be successful in describing other materials when combined with the HSE DF for the calculation of optical properties 50 .
While the presented results are obviously important to high-pressure hydrogen, they also suggest that NQEs will have a strong influence on the bonding properties of other hydrogenrich materials, particularly in the description of transitions between phases with different bonding characteristics. Although this has been demonstrated in some cases, such as highpressure ice 52 , and similar effects could be present in many other materials (e.g., methane
and ammonia), the simultaneous and proper inclusion of NQEs has been largely ignored in the field of FP simulations. With the development of efficient PI methods, such as the PI+GLE 44 , and faster computers, we expect that future simulations will routinely include them, neither them neglecting or employing approximations at the harmonic level.
In conclusion, we have studied liquid hydrogen at high pressure using nonlocal exchangecorrelation DFs in DFT, namely HSE and vdW-DF2. Both produce similar descriptions of the liquid, with large increases in the LLPT pressures (where molecular dissociation occurs)
by more than 100 GPa (at lower temperatures), from earlier studies using PBE. We also presented a detailed study of the influence of NQEs in the LLPT in combination with vdW-DF2. Remarkable agreement with experiment was observed for optical properties along pre-compressed Hugoniots, as well as with reverberating shock compressed measurements at low temperatures. The improved description further confirms the existence of a first-order LLPT between an insulating molecular liquid and a conductive atomic-like state at high pressures and below a critical temperature of T c ≈ 1500-1000 K. Since this work presents a highly-accurate prediction of the location of the LLPT in hydrogen, it should serve as a clear goal for future experimental and theoretical works in this field.
simulation cell, which means that the transition pressures will depend on the particular details of the simulation. This is not the case for the other DFs employed in this work. While the precise location of the transition using HSE is a matter of future work, away from the transition the dependence on simulation details should be considerably smaller. 54 The CEIMC method is an alternative FP simulation method based on a quantum Monte Carlo treatment of the electronic potential energy surface, combined with a classical or quantum treatment of the ions using traditional Monte Carlo methods.
55 Preliminary results in solid molecular hydrogen show that PIMD+vdW-DF2 is able to reproduce the measured bandgap of the solid, while PIMD+HSE predicts gaps that are ∼1 eV too low 51 .
These results provide evidence in favor of the higher transition pressures predicted by the PIMD+vdW-DF2 simulations.
